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ABSTRACT 

Soldiers  wounded  in  modern  warfare  present  with  extensive  and  complicated 
acute  wounds,  confounded  by  an  overwhelming  inflammatory  response.  The 
pathophysiology  of  acute  wounds  is  unknown  and  timing  of  wound  closure  re¬ 
mains  subjective.  Collagen  gene  expression  profiles  are  presented  for  24  patients. 
Impaired  healing  wounds  show  a  twofold  decrease  in  the  up-regulation  of 
COL1A1  and  COL3A1  genes  in  the  beginning  of  the  wound  healing  process, 
compared  with  normal  healing  wounds.  By  the  final  debridement,  however,  col¬ 
lagen  gene  expression  profiles  for  normal  and  impaired  healing  wounds  are  similar 
for  COL1A1  and  COL3A1.  In  addition,  Raman  spectroscopic  maps  are  collected 
of  biopsy  tissue  sections,  from  the  first  and  last  debridements  of  10  wounds  col¬ 
lected  from  nine  patients.  Tissue  components  obtained  for  the  debridement  biop¬ 
sies  are  compared  to  elucidate  whether  or  not  a  wound  heals  normally.  Raman 
spectroscopy  showed  a  loss  of  collagen  in  five  patients,  indicated  by  a  negative 
percent  difference  in  the  1,665/1,445  cm-1  band  area  ratios.  Four  healed  patients 
showed  an  increased  or  unchanged  collagen  content.  Here,  we  demonstrate  the 
potential  of  Raman  spectroscopic  analysis  of  wound  biopsies  for  classification  of 
wounds  as  normal  or  impaired  healing.  Raman  spectroscopy  has  the  potential  to 
noninvasively  monitor  collagen  deposition  in  the  wound  bed,  during  surgical 
wound  debridements,  to  help  determine  the  optimal  time  for  wound  closure. 


The  management  of  modern  traumatic  war  wounds  re¬ 
mains  a  significant  challenge  for  clinicians.  This  is  a  reflec¬ 
tion  of  the  extensive  osseous  and  soft-tissue  damage 
caused  by  blasts  and  high-energy  projectiles.1  The  ensuing 
inflammatory  response  ultimately  dictates  the  pace  of 
wound  healing  and  tissue  regeneration. 2-3  Consequently, 
the  eventual  timing  of  wound  closure  or  definitive  cover¬ 
age  is  often  subjectively  based.  In  addition,  some  wounds 
fail,  despite  the  use  and  application  of  novel  wound-spe¬ 
cific  treatment  modalities.3  An  understanding  of  the  mo¬ 
lecular  environment  of  acute  wounds  throughout  the 
debridement  process  can  provide  valuable  insight  into  the 
mechanisms  associated  with  the  eventual  wound  outcome. 

Wound  healing  is  a  complex  process  dictated  by  the  in¬ 
teractions  of  inflammatory  cells  and  mediators  present 
within  the  molecular  environment.  Acute  wounds  typically 
progress  through  histologic  and  functionally  distinct 
phases  of  healing  with  significant  overlap.  The  initial 
wound  inflammatory  response  provides  the  effector  mole¬ 
cules  and  mitogenic  factors  necessary  for  cellular  migra¬ 
tion  and  the  clearance  of  damaged  extracellular  matrix 
(ECM).4  Angiogenesis  and  provisional  matrix  formation 
then  ensues  via  the  activation  of  macrophages  and  fibro¬ 
blasts.  The  provisional  matrix,  composed  mainly  of  fibr- 
onectin  and  hyaluronan,  is  eventually  replaced  by  a 


stronger  and  more  organized  ECM  comprised  of  collagen 
types  III  and  I  and  proteoglycans.5  A  sustained  proinflam- 
matory  state  with  failure  of  progression  through  the  latter 
phases  of  wound  healing  is  thought  to  be  the  underlying 
mechanism  associated  with  delayed  healing  and  eventual 
wound  failure.6  Therefore,  characterization  of  the  wound 
composition  may  lend  significant  contributions  to  help 
distinguish  wounds  arrested  in  this  inflammatory  state. 

Raman  vibrational  spectroscopy  offers  the  capability  to 
accurately  detect  and  identify  the  various  molecules  that 
comprise  the  ECM  during  wound  healing.  It  is  an  imaging 
technique  in  which  the  precise  biochemical  composition  of 
biologic  samples  can  be  obtained  via  noninvasive  and  non¬ 
destructive  means  in  their  native  state.  It  has  been  proven 
effective  in  assessing  tissues  at  the  molecular  level  with  di¬ 
verse  clinical  and  diagnostic  applications  to  include  the 
analysis  of  cellular  structure  and  the  determination  of  tu¬ 
mor  grade  and  type.7  23  Pathologic  alterations  of  wounds 
are  accompanied  by  fundamental  changes  in  the  molecular 
environment  that  can  be  analyzed  by  vibrational  spectros¬ 
copy.12,24  The  identified  changes  may  provide  the  objective 
markers  of  acute  wound  healing,  which  can  then  be  inte¬ 
grated  with  clinical  characteristics  to  guide  the  manage¬ 
ment  of  traumatic  wounds.  For  instance,  changes  in 
collagen  vibrational  bands  could  be  correlated  with 
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alterations  in  collagen  deposition  and  reepithelialization 
of  the  wound  bed. 

The  complete  pathophysiology  of  acute  wounds  and  the 
biochemical  mechanisms  associated  with  wound  failure  re¬ 
mains  poorly  defined.  In  the  current  study,  we  evaluate 
gene  expression  profiles  of  the  wounds,  specifically  colla¬ 
gens,  and  demonstrate  the  feasibility  of  Raman  spectros¬ 
copy  to  acquire  detailed  structural  information  from 
various  molecules  involved  in  the  process  of  wound  heal¬ 
ing.  Specifically,  the  spectral  images  of  wounds  that  healed 
uneventfully  are  compared  with  wounds  that  show  im¬ 
paired  healing. 

MATERIALS  AND  METHODS 

Clinical  study 

This  study  was  approved  by  the  institutional  review  board 
of  the  National  Naval  Medical  Center  (NNMC).  All  study 
participants  were  recruited  from  wounded  Operation  Iraqi 
Freedom  and  Operation  Enduring  Freedom  U.S.  service 
members  evacuated  to  the  National  Capital  Area.  In¬ 
formed  consent  was  obtained  from  all  participating  pa¬ 
tients.  Inclusion  criteria  for  this  study  were  defined  as  all 
service  men  and  women  who  sustained  penetrating  injuries 
to  one  or  more  extremities.  Exclusions  from  this  study  in¬ 
cluded  patients  with  confounding  comorbid  conditions 
such  as  immune  disorders,  connective  tissue  disorders,  di¬ 
abetes  mellitus,  or  any  conditions  requiring  immunosup¬ 
pressive  agents.  Table  1  summarizes  several  demographics 
for  patients  with  normal  and  impaired  healing  wounds. 

Wound  treatment 

Surgical  debridement  and  pulse  lavage  were  performed  in 
the  operating  room  every  48-72  hours  until  definitive 
wound  closure  or  coverage.  Wound  negative  wound  pres¬ 
sure  therapy  was  applied  to  the  wounds  between  surgical 
debridements,  as  the  per  current  standard  practice  at 
NNMC.3  All  wounds  were  examined  once  daily  following 
wound  closure  or  coverage  until  the  sutures  were  removed. 
All  patients  were  followed  clinically  for  30  days.  The  pri¬ 
mary  clinical  outcome  was  successful  wound  healing  after 
definitive  closure  or  coverage  (Figure  1A).  Impaired 
wound  healing  included  a  delayed  wound  closure  or  sub¬ 
sequent  wound  dehiscence.  Delayed  wound  closure  was 
defined  as  definitive  closure  occurring  two  standard  devi¬ 
ations  outside  of  the  normal  wound  closure  time  period,  or 
>21  days  after  injury.  Dehiscence  was  defined  as  the  spon- 


Table  1. 


Normal  healing  Impaired  healing 

(n=19)  (/7=5)  p-value 

Age 

23.5  db  5.5 

21 .6  ±  2.5 

0.508 

ISS 

18.4  ±9.1 

38.0  ±  1 0.2 

8.80E-05 

Days  to  closure 

4.2  ±2.7 

14.1  ±12.1 

0.007 

Surface  area  of 

1 49  ±  94 

506  ±532 

0.003 

wound  (cm2) 

2 


Figure  1.  Photographs  are  shown  for  a  patient  with  a  normal 
healing  wound  (A)  and  impaired  healing  wounds  (B). 


taneous  partial  or  complete  disruption  of  a  previously 
closed  wound  after  primary  closure  or  >  90%  graft  loss 
after  skin  grafting  (Figure  IB).  Wounds  that  progressed  to 
healing  at  30  days  and  did  not  necessitate  a  return  to  the 
operating  room  were  considered  healed.  Timing  of  closure 
was  at  the  discretion  of  the  attending  surgeon. 

Sample  collection 

A  1  cm3  wound  tissue  specimen  was  obtained  from  the 
center  of  the  wound  bed  at  each  debridement  and  stored  in 
RNA  later  (Ambion,  Austin,  TX).  All  samples  were  stored 
at  —  80°F  until  analysis. 

Gene  expression  analysis 

The  process  for  tissue  gene  expression  analysis  has  been 
discussed  in  detail.3  Briefly,  the  tissue  samples  were  ho¬ 
mogenized  and  total  RNA  was  isolated  using  Qiagen 
RNeasy  Fibrous  Tissue  Mini  Kit  (Qiagen  Inc.,  Valencia, 
CA)  according  to  the  manufacturer’s  instructions.  After 
assessing  RNA  purity,  quantity,  and  quality,  reverse  tran¬ 
scriptions  were  performed  using  Roche  1st  Strand 
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Synthesis  kits  (Roche  Diagnostics  Corporation,  Indianap¬ 
olis,  IN).  Quantitative  real-time  polymerase  chain  reaction 
(QRT-PCR)  was  performed  using  the  ABI  Prism  7900HT 
Sequence  Detection  System  (Applied  Biosystems,  Foster 
City,  CA)  and  custom-designed  TaqMan  low-density  ar¬ 
rays  to  assess  gene  transcript  expression;  all  QRT-PCR 
measurements  were  performed  in  duplicate.  As  an  internal 
control,  primers  for  18S  rRNA  were  used  for  each  reac¬ 
tion.  Fold  change  in  gene  expression  was  calculated  using 
the  2-AACt  method25;  values  are  relative  to  a  pooled  con¬ 
trol  data  set. 

Raman  spectroscopic  mapping 

Before  Raman  spectroscopic  mapping,  each  frozen  tissue 
was  transferred  to  a  1.5  mL  cryovial  containing  10%  neu¬ 
tral  buffered  formalin  for  thawing.  The  tissue  was  embed¬ 
ded  in  paraffin,  sectioned  at  10  pm,  and  mounted 
unstained  on  aluminized  glass  slides  (Fisher  Thermo  Sci¬ 
entific,  Madison,  WI).  Serial  sections,  5  pm  thick,  were  cut 
and  mounted  on  standard  glass  slides  and  stained  with 
hematoxylin  &  eosin  (H&E)  for  histological  evaluation  by 
an  experienced  pathologist.  Unstained  sections  were 
deparaffinized  with  a  stirred  40  °C  hexane  bath  for  48 
hours  and  allowed  to  air  dry  before  spectroscopic  examin¬ 
ation. 

Slides  were  secured  in  the  microscope  slide  holder  ac¬ 
cessory  of  the  Raman  Station  400  (Perkin  Elmer,  Shelton, 
CT)  for  Raman  map  acquisition.  Raman  map  sizes  ranged 
between  approximately  8  and  31  mm2  and  contained  238— 
832  individual  Raman  spectra.  Raman  spectra  were  gen¬ 
erated  with  lOOmW  of  785  nm  point  laser  radiation 
(100  pm  spot)  every  200  pm  over  the  spectral  range  of 
1,800-500  cm-1  (4  cm-1  spectral  resolution).  Three  accu¬ 
mulations  of  1 5-second  acquisitions  were  coadded  at  each 
point  in  the  Raman  map.  Total  acquisition  times  ranged 
between  3.5  and  13  hours. 

Data  analysis 

All  Raman  maps  were  imported  into  MATLAB  (Math- 
works,  Natick,  MA),  where  they  were  subjected  to  multi¬ 
variate  analysis.  Singular  value  decomposition  was  applied 
to  all  data  sets.  A  Scree  plot  was  used  to  determine  the 
necessary  number  of  loadings  such  that  99%  of  the  vari¬ 
ance  in  the  data  set  was  described  by  the  chosen  loadings. 
Loadings  used  for  factor  analysis  were  extracted  with  band 
target  entropy  minimization  (BTEM)26-28  and  then  manu¬ 
ally  rotated  until  all  factors  were  nonnegative  and  their  as¬ 
sociated  score  images  were  nonnegative.  Nonnegative 
factors  closely  resemble  real  Raman  spectra  and  can  be 
compared  with  reference  Raman  spectra.  Nonnegative 
score  images  ensures  orthogonality  of  factors  and  a  unique 
basis  set. 

Resulting  factors  representative  of  the  major  tissue 
component  were  then  exported  as  an  ASCII  file  and  im¬ 
ported  into  Grams/AI  software  for  peak  fitting.  Factors 
were  automatically  intensity  normalized  to  the  1,445  cm-1 
methylene  scissoring  band  and  baseline  corrected  with 
BTEM,  and  so  additional  preprocessing  was  not  necessary 
for  peak  fitting.  All  Raman  bands  were  fit  with  mixed 
Gaussian/Lorentzian  bands.  The  fit  was  considered  good 
when  the  R2  value  reached  at  least  0.95. 
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Statistical  analysis 

Fold  changes  in  gene  expression  profiles  between  normal 
and  impaired  healing  wounds  were  assessed  using  a 
Mann-Whitney  U  test.  Analyses  were  performed  using 
SPSS  software  (SPSS  18.0,  SPSS  Inc.,  Chicago,  IL). 
Differences  in  values  were  considered  statistically  signifi¬ 
cant  with  a  two-tailed  p- value  <  0.05. 

RESULTS 

Pathology  of  wound  tissue  biopsy  sections 

Tissue  biopsies  taken  at  the  first  and  last  debridements 
for  each  wound  were  stained  with  H&E.  The  H&E- stained 
tissue  sections  were  examined  for  gross  pathology.  In 
general,  for  normal  healing  wounds,  first  debridement  bi¬ 
opsies  revealed  varying  degrees  of  acute  chronic  inflamma¬ 
tion,  minimal  necrosis,  and  differing  numbers  of  leukocytes 
and  neutrophils.  The  final  debridement  biopsies  collected 
from  normal  wounds  exhibited  mild  to  moderate  acute 
chronic  inflammation,  fibrosis,  and  neovascularization. 
Figure  2A  and  B  show  the  H&E-stained  sections  of  the 
first  and  final  debridements  of  a  normal  healing  wound,  re¬ 
spectively.  Figure  2 A  shows  severe  inflammation,  both 
acute  and  chronic,  minimal  necrosis,  and  muscle  atrophy 
with  focal  fibrosis.  Figure  2B  shows  fibrosis  and  mild 
chronic  inflammation,  with  no  residual  muscle  fibers.  Tis¬ 
sue  taken  at  the  first  debridement  contained  increased 
numbers  of  neutrophils  compared  with  the  tissue  taken  at 
the  final  debridement  and  was  generally  more  inflamed. 

Tissue  taken  at  the  first  debridement  of  impaired  healing 
wounds  showed  moderate  chronic  inflammation,  coagula- 
tive  necrosis,  and  scattered  leukocytes  and  neutrophils. 
Tissue  taken  from  the  final  debridement  of  impaired  heal¬ 
ing  wounds  exhibited  fibrosis,  and  moderate  to  severe 
acute  chronic  inflammation.  Figure  2C  and  D,  respec¬ 
tively,  also  show  the  H&E-stained  sections  of  the  first  and 
final  debridements  of  an  impaired  healing  wound.  Figure 
2C  shows  mild  acute  and  chronic  inflammation,  while  Fig¬ 
ure  2D  shows  moderate  acute  and  chronic  inflammation, 
calcification,  increased  fibroblasts,  and  focal  coagulative 
necrosis.  For  the  impaired  healing  wound,  the  tissue  taken 
at  the  final  debridement  shows  indications  of  necrosis  and 
appears  more  inflamed  than  the  tissue  taken  at  the  first 
debridement.  The  impaired  healing  wound  shown  in  Fig¬ 
ure  2C  and  D  is  an  extreme  case  of  impaired  healing — the 
wound  dehisced.  For  other  wound  biopsies,  delineating 
clear  differences  in  pathology  between  normal  and  im¬ 
paired  healing  wounds  is  somewhat  challenging. 

Collagen  gene  expression 

Samples  from  24  patients  were  used  to  examine  gross  profile 
changes  in  gene  expression.  The  mean  fold-change  in  gene 
expression  is  shown  in  Figure  3  for  all  patients  enrolled  in 
the  study,  with  wounds  classified  as  normal  healing  (black 
bars)  and  wounds  classified  as  impaired  healing  (white  bars). 
Profiles  for  collagen  genes  are  presented  here  as  collagen  is 
the  major  tissue  component  evidenced  in  the  loadings. 

Gene  expression  for  type  I  collagen  od  (COL1A1)  and 
type  III  collagen  ocl  (COL3A1)  in  impaired  healing 
wounds  is  substantially  less  than  that  of  normal  healing 
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Figure 2.  Hematoxylin  and  eosin- 
stained  tissue  biopsy  sections  for  a 
normal  healing  wound  taken  at  the 
first  (A)  and  last  debridements  (B), 
and  an  impaired  healing  wound  ta¬ 
ken  at  the  first  (C)  and  last  (D)  debri¬ 
dements.  All  images  are  shown  at  x 
10  magnification  with  a  x40  magnifi¬ 
cation  inset. 


wounds  (Figure  3A).  In  fact,  gene  expression  of  COL1A1 
and  COL3A1  are  twofold  reduced  in  impaired  healing 
wounds  compared  with  normal  healing  wounds  at  the  first 
debridement.  Additionally,  at  the  first  debridement,  gene 
expression  of  type  IV  collagen  a3  (COL4A3)  is  twofold 
up-regulated  in  impaired  healing  wounds  compared  with 
normal  healing  wounds.  A  similar  gene  expression  profile 
with  reduced  expression  of  COL1A1  and  COL3A1  is  ob¬ 
served  for  the  second  debridement  biopsies  (Figure  3B).  As 
shown  in  Figure  3C,  by  the  third  debridement,  gene  ex¬ 
pression  for  COL18A1  (type  XVIII  collagen  al)  is  up-reg- 
ulated  by  twofold  for  impaired  healing  wounds  compared 
with  normal  healing  wounds,  as  well  as  for  COL4A1  (type 
IV  collagen  al).  By  the  final  debridement  (Figure  3D), 
only  COL18A1  shows  an  up-regulation  in  impaired  heal¬ 
ing  wounds  compared  with  normal  healing  wounds,  while 
COL1A1,  COL3A1,  COL4A1,  COL4A3  are  expressed  at 
similar  levels  in  normal  and  impaired  healing  wounds.  In 
general,  COL18A1  is  up-regulated  at  almost  all  time 
points  for  impaired  healing  wounds  compared  with  nor¬ 
mal  healing  wounds. 

Raman  mapping  of  wound  tissue  biopsy  sections 

For  this  proof-of-principle  study,  a  smaller  cohort  of  pa¬ 
tients  was  chosen  for  Raman  spectroscopic  mapping  of 
wound  biopsies  (n=  10).  Wound  biopsies  were  mapped 

4 


with  Raman  spectroscopy  for  nine  patients  at  two  time 
points — first  debridement  and  last  debridement.  Of  the  10 
biopsy  series,  four  sets  of  biopsies  were  classified  as  normal 
healing  and  three  sets  of  biopsies  were  classified  as  im¬ 
paired  healing.  A  visible  image  collected  for  a  tissue  sec¬ 
tion  of  a  normal  healing  wound  biopsy  at  the  first 
debridement  is  shown  in  Figure  4A.  The  yellow  crosses  in¬ 
dicate  each  position  where  a  Raman  spectrum  was  ac¬ 
quired.  The  corresponding  score  image  and  loading  are 
shown  in  Figure  4B  and  C.  Red  pixels  indicate  high  inten¬ 
sity  and  blue  pixels  indicate  lowest  intensity — note,  the 
pixels  with  highest  intensities  correlate  with  the  wound  bi¬ 
opsy,  while  the  background  (the  aluminized  slide)  has  the 
lowest  intensity.  The  loading  most  closely  resembles  a 
Raman  spectrum  of  tissue,  largely  proteinaceous  in  origin. 
A  similar  visible  image,  score  image,  and  loading  were  also 
obtained  for  the  final  debridement  wound  biopsy  (Figure 
4D-F,  respectively). 

Prominent  Raman  bands  in  the  loading  can  be  assigned 
to  peaks  often  found  in  tissue  (see  Table  2):  -860  cm-1 
(hyrdroxyproline),  920  cm-1  (proline),  1,004  cm-1 
(phenylalanine),  1,030  and  1,070  cm-1  (nucleic  acids). 
1,240  and  1,270  cm-1  (proteins,  Amide  III),  ~  1,300  cm- 
(proteins,  nucleic  acids),  1,445  cm-1  (proteins),  1,609  cm-1 
(aromatic  amino  acids),  and  1,665  cm-1  (proteins,  Amide 
I).  A  loading  for  the  tissue  component  and  a  correspond¬ 
ing  score  image  were  obtained  for  each  wound  biopsy, 
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Figure  3.  Comparison  of  fold  change 
difference  in  collagen  gene  expres¬ 
sion  for  normal  and  impaired  wound 
healing  at  the  first  (A),  second  (B), 
third  (C),  and  last  (D)  debridements. 
Error  bars  indicate  the  standard  error 
of  mean. 


similar  to  those  shown  in  Figure  4.  Curve  fitting  was  per¬ 
formed  for  each  tissue  component  loading,  to  elucidate 
any  changes  in  tissue  composition  of  the  wound  biopsies 
between  the  first  and  last  debridements.  More  specifically, 
the  ratio  of  the  Amide  I  band  area  (~  1,665  cm-1)  to  the 
CH2  scissoring  band  area  (~  1,445  cm-1)  was  calculated. 
The  band  area  of  the  methylene  scissoring  vibrational 
band  is  reflective  of  the  total  protein  content,  while  the 
band  area  of  the  Amide  I  vibrational  band,  specifically  lo¬ 
cated  at  ~  1,665  cm-1,  is  reflective  of  the  collagen  content. 
Thus,  an  increase  in  collagen  content  would  be  indicated 
by  a  larger  1,665/1,445  cm-1  band  area  ratio.  Percent 
differences  in  these  ratios  for  the  first  and  last  debride¬ 
ments  are  shown  in  Figure  5.  For  six  of  the  wound  biopsy 
sets,  the  1,665/1,445  cm-1  band  area  ratio  is  significantly 


decreased  for  the  last  debridement,  with  percent  differ¬ 
ences  of  -63.1,  -34.6,  -26.7,  -41.1,  -42.9,  and  -52.6%. 
Four  of  the  wound  biopsy  sets  have  positive  or  minimally 
negative  changes  in  the  band  area  ratios  with  percent 
differences  of -1.8,  2.7,  15.4,  and  34.0%. 

DISCUSSION 

Currently,  wounds  are  evaluated  using  parameters  such  as 
location  of  injury,  adequacy  of  perfusion,  gross  appear¬ 
ance  of  the  wound,  wound  tensile  strength,  and  the  pa¬ 
tient’s  general  condition.  While  parameters  such  as  the 
location  of  injury,  gross  appearance  of  the  wound,  and  the 
patient’s  general  condition  are  fairly  obvious  and  reason¬ 
ably  assessed,  parameters  such  as  adequacy  of  perfusion 


Figure 4.  Visible  images  of  tissue 
sections  for  a  normal  healing  wound 
at  first  (A)  and  last  (D)  debridements. 
Corresponding  score  images  (B  and 
E)  and  components  are  displayed  (C 
and  F)  for  each  tissue  biopsy  section, 
taken  at  the  first  and  last  debride¬ 
ments,  respectively.  Each  pixel  in 
the  score  image  is  approximately 
100x100  |im. 
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Table2.  Raman  vibrational  band  assignments31  32 


Raman  shift 
(cm”1) 

Vibrational  band 
assignment 

Component 

860 

v  (C-C) 

Nucleic  acids 

920 

v  (C-N),  v  (C-C) 

Nucleic  acids, 

keratin 

1,004 

v  (C-C)  ring 

Phenylalanine 

1,030 

v  (C-C)  skeletal 

Nucleic  acids, 
protein 

1,070 

v  (C-C)  skeletal 

Nucleic  acids, 
protein 

1,240,  1,270 

v  (C-N)  and  5(N-H); 

Amide  III 

Protein 

1,300 

6  (CH2)  twisting 

Nucleic  acids, 
protein 

1,445 

5  (CH3)  and  6  (CH2) 
scissoring 

Protein 

1,609 

Aromatic  amino 

acids 

1,665 

v  (C=0);  Amide  1 

Protein 

and  tensile  strength  are  not  readily  quantifiable  during 
surgery.  It  has  been  previously  demonstrated  that  there  is  a 
greater  incidence  of  associated  vascular  injury  in  delayed 
healing  wounds  when  compared  with  normal  healing 
wounds.  It  is  also  well  established  that  tensile  strength  of 
the  wound  is  dependent  on  collagen  deposition.29  There 
exists  a  need  for  technologies  that  can  noninvasively  and 
objectively  assess  these  challenging  parameters. 

In  this  preliminary  study,  Raman  spectroscopic  map¬ 
ping  of  tissue  biopsies  collected  during  the  wound  healing 
process  reveals  a  decrease  in  the  1,665/1,445  cm-1  band 


Figure  5.  The  percent  difference  of  the  1 ,665/1 ,445  cm-1  band 
area  ratios  calculated  from  the  first  and  last  debridements 
1,665/1 ,445  cm-1  band  area  ratios  for  wounds  classified  as 
normal  healing  (black  bars)  and  as  impaired  healing  (white  bars). 
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area  ratios  of  impaired  healing  wounds  compared  with 
normal  healing  wounds.  Using  the  1,445  cm-1  band  area 
as  an  indicator  of  overall  proteinaceous  content  and  the 
1,665  cm-1  band  area  as  a  measure  of  collagen  content, 
one  can  monitor  collagen  deposition  in  the  wound  biop¬ 
sies,  utilizing  the  1,665/1,445  cm-1  band  area  ratio.  Thus, 
the  decrease  in  the  1,665/1,445  cm-1  band  area  ratios  is  an 
indication  of  impaired  collagen  deposition  in  wounds  that 
are  classified  as  impaired  healing  wounds. 

Gene  profiles  of  mRNA  extracted  from  the  wound  bi¬ 
opsies  corroborate  the  results  of  the  Raman  spectroscopic 
maps.  COL1A1  and  COL3A1  mRNA  expression  profiles 
were  initially  decreased  in  impaired  healing  wounds  when 
compared  with  normal  healing  wounds.  In  early  wound 
healing,  type  III  collagen  is  most  abundant  and  is  gradu¬ 
ally  replaced  by  type  I  collagen.  COL3A1  encodes  for  the 
pro-al(III)  chains,  which  are  the  building  block  of  type  III 
collagen.  COL1A1  encodes  for  the  pro-al(I)  chains,  which 
are  used  to  form  type  I  collagen  fibrils.  Type  I  collagen  is 
the  most  abundant  form  of  collagen  in  the  body,  serving  as 
the  framework  for  connective  tissues  such  as  skin,  bone, 
cartilage,  and  tendons.  An  initial  reduction  in  the  expres¬ 
sion  of  COL3A1  could  hinder  deposition  of  type  III  colla¬ 
gen  in  the  wound  bed,  which,  in  turn,  would  delay 
deposition  of  type  I  collagen,  a  key  step  in  reepithelializat- 
ion.  As  observed  in  the  larger  cohort  of  patients,  impaired 
healing  wounds  show  a  twofold  decrease  in  up-regulation 
of  COL1A1  and  COL3A1  genes  in  the  beginning  of  the 
wound  healing  process,  compared  with  normal  healing 
wounds.  COL18A1  encodes  for  an  ECM  protein,  endosta- 
tin,  which  is  an  inhibitor  of  angiogenesis.  COL18A1 
mRNA  expression  remains  elevated  for  impaired  healing 
wounds  at  almost  all  time  points  when  compared  with 
normal  healing  wounds.  Continued  elevation  of  endosta- 
tin  would  inhibit  neovascularization,  which  is  observed  in 
the  pathology  of  the  tissue  sections  in  this  study.  COL4A1 
and  COL4A3  encode  the  pro-ocl(IV)  chains  and  pro- 
oc3(IV)  chains,  respectively,  found  in  basement  membranes 
such  as  the  epidermal  basement  membrane.  Elevated 
COL4A1  and  COL4A3  levels  may,  however,  also  act  as 
inhibitors  of  angiogenesis. 

In  chronic  wounds,  proinflammatory  cytokines  have 
been  identified  as  potent  stimulators  of  matrix  metal- 
loproteinases  (MMPs).  MMP-13  (collagenase  3),  however, 
is  significantly  decreased  in  impaired  healing  wounds  and 
wound  effluent.  Collagenase  3  digests  type  III  collagen  in 
the  wound  bed.  This  is  a  critical  step  in  the  wound  healing 
process;  fibroblasts  enter  the  maturation  stage  of  healing 
and  lay  down  type  I  collagen  in  the  wound  only  after  much 
of  the  type  III  collagen  has  been  removed.4  Thus,  a  re¬ 
duced  MMP-13  mRNA  expression  could  directly  impact 
wound  tensile  strength.  In  a  study  by  Hartenstein  et  al.,30 
mice  deficient  in  MMP-13  exhibited  elevated  levels  of 
MMP-8.  In  this  study,  patients  with  impaired  healing 
wounds  also  exhibited  elevated  levels  of  MMP-8. 

An  amplified  inflammatory  response  can  result  in  dis¬ 
rupted  or  altered  cytokine  and  chemokine  signaling,  pre¬ 
venting  a  normal  progression  into  the  fibroproliferative 
phase  of  wound  healing.  Previous  models  of  acute  wound 
healing  have  demonstrated  abnormal  collagen  metabo¬ 
lism,  a  result  of  either  decreased  collagen  synthesis  or  in¬ 
creased  protease  activity.  This  ultimately  creates  an 
imbalance  during  matrix  formation  and  homeostasis, 
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causing  decreased  collagen  levels,  reduced  wound  mechan¬ 
ical  strength,  and  finally  wound  failure.6  In  this  study,  pa¬ 
tients  with  impaired  healing  wounds  demonstrate  exactly 
that,  evidenced  by  the  decrease  in  the  1,665/1,445  cm-1 
band  area  ratios,  revealing  decreased  collagen  content  in 
tissue  biopsies  taken  directly  from  the  wound  bed.  Based 
on  the  Raman  spectroscopic  results  only,  however,  one  of 
the  normal  healing  wounds  would  have  been  classified  as 
an  impaired  healing  wound.  For  this  small  cohort  of  pa¬ 
tients,  wounds  classified  clinically  as  normal  healing 
wounds  were  defined  as  wounds  from  patients  who  had  a 
mean  hospital  stay  of  <21  days,  while  wounds  classified 
clinically  as  impaired  healing  wounds  were  defined  as 
wounds  from  patients  who  had  a  mean  hospital  stay  of 
>  21  days.  The  seventh  case,  classified  clinically  as  normal 
healing,  exhibited  a  significant  loss  in  collagen  content  of 
the  wound  bed  from  the  first  surgical  debridement  to  the 
last  surgical  debridement,  specifically  —52.6%.  This  pa¬ 
tient  was  hospitalized  for  18  days,  just  3  days  less  than  the 
clinical  classification  for  impaired  wound  healing. 

In  this  study,  Raman  spectroscopic  maps  of  sectioned 
wound  tissue  from  nine  patients  were  collected  and  ana¬ 
lyzed,  to  compare  the  chemical  compositions  of  normal 
healing  wound  tissue  and  of  impaired  healing  wound  tis¬ 
sue.  Although  all  data  acquisition  and  analysis  were  per¬ 
formed  outside  of  the  surgical  arena,  it  is  possible  to 
incorporate  similar  Raman  spectroscopic  equipment  into 
the  operating  room.  First,  Raman  spectroscopy  can  be 
used  in  a  noninvasive  manner,  such  as  a  fiber  probe- 
coupled  system.  Second,  based  on  the  fiber  probe  design 
itself,  the  Raman  spectroscopic  system  could  sample  a  tis¬ 
sue  volume  of  up  to  ~60mm3,  or  greater;  a  standard 
punch  biopsy  samples  approximately  140  mm3  of  tissue. 
Once  a  significant  database  of  samples  and  their  corre¬ 
sponding  Raman  factors  have  been  collected,  it  is  possible 
to  develop  an  algorithm  capable  of  monitoring  collagen 
levels  in  the  wounds  bed.  Although  the  cohort  of  patients 
examined  here  was  small  and  preliminary,  the  results  are 
encouraging.  This  study  shows  the  potential  of  Raman 
spectroscopy  as  a  technique  capable  of  affording  an  objec¬ 
tive  measurement  regarding  wound  healing  in  the  operat¬ 
ing  room.  Such  a  capability  would  allow  for  real-time 
point  of  care  analysis  of  wounds,  allowing  subjective  deci¬ 
sions  to  be  supplanted  by  objective  data.  This  is  a  critical 
need  as  constraints  on  surgical  education  reduce  operative 
exposure  and  clinical  decision-making  is  moved  from  the 
subjective  arena  to  data-driven  decisions.  The  use  of  such 
methodologies  as  presented  herein,  may  allow  for  fewer 
trips  to  the  operating  room,  reduced  costs,  and  faster  re¬ 
habilitation  in  both  military  and  civilian  traumatic 
wounds.  In  order  to  reach  this  potential,  future  work  will 
need  to  expand  the  number  of  patients  in  the  study  to  bet¬ 
ter  delineate  Raman  spectroscopic  trends  during  the 
wound  healing  process.  Additional  cases  could  help  define 
a  threshold  to  classify  wounds  as  normal  healing  or  im¬ 
paired  healing,  based  on  Raman  spectral  results. 


ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  Dr.  Thomas  Davis  for  his 
role  in  developing  the  gene  expression  assay  used  in  this 
manuscript.  This  work  was  prepared  as  part  of  the  au- 

Wound  Rep  Reg  (2010)  I1 1-8  ©  2010  by  the  Wound  Healing  Society 


thors’  official  duties.  Title  17  U.S.C.  §105  provides  that 
“Copyright  protection  under  this  title  is  not  available  for 
any  work  of  the  United  States  Government.”  Title  17 
U.S.C.  §101  defines  a  US  Government  work  as  a  work 
prepared  by  a  military  service  member  or  employee  of  the 
US  Government  as  part  of  that  person’s  official  duties. 
The  views  expressed  in  this  article  are  those  of  the  author 
and  do  not  necessarily  reflect  the  official  policy  or  position 
of  the  Department  of  the  Navy,  Department  of  Defense, 
nor  the  US  Government.  This  work  was  supported  and 
funded  by  work  unit  number  60477 1N.0933. 00 1.A0604. 
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